Zinc increases in the oocyte during maturation and is required for progression and completion of meiosis. The objective of this study was to determine whether cumulus cells regulate the levels of free intracellular zinc in the oocyte during maturation. In the cumulus-oocyte complex (COC) the relative level of free intracellular zinc was almost fourfold higher in cumulus cells compared with the resident germinal vesicle-stage oocyte. Removal of cumulus cells caused a fourfold increase in intracellular zinc in the oocyte by 1 h after cumulus cell removal, but subsequent coculture of denuded oocytes with COC decreased free intracellular zinc in the oocyte by 65%. Thus, cumulus cells suppress free intracellular zinc in the oocyte. The mRNA transcripts for the zinc transporter proteins Slc39a6, Slc39a8, Slc39a9, Slc39a10, Slc39a12, Slc30a2, Slc30a4, Slc30a5 and Slc30a8 mRNAs were higher in oocytes, while Slc39a1, Slc39a7, Slc39a13, Slc39a14, Slc30a6, Slc30a7 and Slc30a9 mRNAs were higher in cumulus cells. Thus a complex zinc transport network is present in the COC. Pretreatment with epidermal growth factor for 4 h abolished the ability of COCs to restrict free intracellular zinc in denuded oocytes. Coculture of denuded metaphase II oocytes with COC lowers free intracellular zinc in mature oocytes. Oocytes matured in vivo or oocytes from older mice had lower levels of free intracellular zinc than oocytes matured in vitro or from younger mice. Thus, a precise mechanism for regulating oocyte zinc homeostasis has been uncovered in the COC that is disrupted with increasing age or by removal of cumulus cells.
Introduction
Paracrine signaling in the cumulus-oocyte complex (COC) controls both oocyte and cumulus cell functions. Oocytes define the cumulus cell phenotype by promoting glycolysis (Sugiura et al. 2005) , cholesterol synthesis (Su et al. 2008) , proliferation (Vanderhyden et al. 1992 , Gilchrist et al. 2006 , survival (Hussein et al. 2005 ) and gene expression , while suppressing luteinization (Pincus & Enzmann 1935 , Nekola & Nalbandov 1971 and opposing FSH-stimulated gene expression . The effects of oocytes on cumulus cells are mediated, in part, by factors such as GDF9 and BMP15, which activate the SMAD1/5/9 (Sugiura et al. 2007 ) and SMAD2/3 signaling pathways. Oocytes enable MAKP3/1 signaling in cumulus cells by promoting expression of the epidermal growth factor (EGF) receptor . Cumulus cells, in turn, supply the oocyte with nutrients , Sugiura et al. 2007 , Su et al. 2008 , induce transcriptional silencing (De La Fuente & Eppig 2001 ) and prevent resumption of meiosis before ovulation (Pincus & Enzmann 1935 , Zhang et al. 2010 ).
Thus, the reciprocal and multilayered interactions between oocyte and cumulus cells are essential for oocyte development and fertility.
Recently, several reports have demonstrated unequivocally that elemental zinc is necessary for meiotic progression. Total zinc, including zinc bound to proteins, is very abundant in the oocyte before maturation (Kim et al. 2010) and is involved in preventing premature germinal vesicle (GV) breakdown in GV-stage oocytes , Tian & Diaz 2012 . Total zinc increases during maturation and is required for the completion of the first meiotic division (Kim et al. 2010) , although this is independent of the MOS-MAPK pathway . Zinc is also required for establishment of metaphase II (MII) arrest through the regulation of the zinc-binding protein early meiosis inhibitor 2 (EMI2) (Suzuki et al. 2010b . EMI2 inhibits the anaphasepromoting complex (APC) to block cyclin B1 ubiquitination and degradation during MII and is thus an essential component of the cytostatic factor activity in the mature oocyte (Masui & Markert 1971 , Shoji et al. 2006 . EMI2 contains a zinc-binding region that is essential for blocking APC activity during MII arrest (Shoji et al. 2006 , Suzuki et al. 2010a , 2010b . Exit from MII during oocyte activation requires a lowering of cellular zinc through the rapid export of zinc from the oocyte. These 'zinc sparks' are essential for oocyte activation and resumption of the cell cycle ). These observations show that the precise regulation of intracellular zinc is essential for oocyte maturation and activation. However, the mechanisms regulating zinc homeostasis in the oocyte are unknown. In this study, we report that cumulus cells potently suppress free intracellular zinc in the oocyte through the production of a paracrine factor(s). Moreover, activation of EGF signaling abolishes the ability of cumulus cells to suppress free intracellular zinc, thereby allowing levels of free zinc to increase in the oocyte during maturation. Thus, zinc homeostasis is another process regulated in oocytes by the cumulus cells.
Results

Relative levels of zinc in COC and denuded oocytes
To begin examining the regulation of free intracellular zinc in the COC, we first determined the relative fluoZin-3 signal intensity in freshly isolated COCs. There was a significantly higher level of free intracellular zinc in cumulus cells compared with the oocyte in intact COC ( Fig. 1 , P!0.05). To determine if the cumulus cells were blocking an increase in free zinc within the oocyte, cumulus cells were removed from freshly isolated COC which had been loaded with fluoZin-3. There was a twofold increase in free intracellular zinc within 15-30 min after cumulus cell removal and a fourfold increase after 1 h (Fig. 2) . To test if coculture of denuded oocytes with COC could suppress levels of free intracellular zinc denuded oocytes were cultured alone or with COC for 15 h. Oocytes cultured alone for 1 or 15 h had similar levels of free intracellular zinc (Fig. 3A , B and D). However, when denuded oocytes cultured for 1 h alone were then cocultured with COC, there was a significant decrease in free intracellular zinc after 15 h ( Fig. 3A and C, P!0.05).
Expression of zinc transporters in cumulus cells and oocytes
The relative mRNA concentrations of the zinc transporters were measured in denuded oocytes and cumulus cells. For the SLC39A zinc transporter family of proteins, Slc39a6, Slc39a8, Slc39a9, Slc39a10, Slc39a11 and Slc39a12 mRNAs were higher in oocytes compared with cumulus cells (Fig. 4A) . In contrast, Slc39a1, Slc39a7 and Slc39a13 mRNAs were higher in cumulus cells (Fig. 4B ). Slc39a14 mRNA was only detected in cumulus cells (data not shown). For the SLC30A family of zinc transporters, Slc30a2, Slc30a4, Slc30a5 and Slc30a8 mRNAs were higher in oocytes (Fig. 4A ). Cumulus cells expressed higher Slc30a6, Slc30a7 and Slc30a9 mRNAs compared with oocytes (Fig. 4B ). Slc39a3 and Slc30a1 mRNAs were equally expressed in both cell types (Fig. 4C ). Slc39a4 and Slc39a5 mRNAs were not detected in either cumulus cells or oocytes (data not shown). SLC39A1 protein was localized in ovarian tissue sections using immunofluorescence staining. SLC39A1 protein was not detectable in primordial or early secondary follicles (Fig. 5A ), but was robustly expressed in large secondary follicles (Fig. 5B ) and in COC from antral follicles (Fig. 5C ).
Changes in suppressive properties of cumulus cells vs change in oocyte sensitivity during maturation
The increase in oocyte zinc reported in the literature (Kim et al. 2010 suggests that cumulus cells lose the ability to suppress free intracellular zinc in the oocyte or that maturing oocytes become insensitive to cumulus cells. To test these possibilities, denuded oocytes were cultured alone, with intact COC or with COC that had been pretreated with EGF (10 ng/ml) for 4 h to initiate COC maturation. As in previous experiments, culture of denuded oocytes alone led to a large increase in free intracellular zinc ( Fig. 6A and B). Coculture with intact COC prevented zinc from increasing ( Fig. 6A and C) . However, COC pretreated with EGF lost the ability to suppress a rise in free intracellular zinc in the oocyte ( Fig. 6A and D) . To test if mature MII oocytes lose the ability to respond to cumulus cells with a decrease in free intracellular zinc, mature MII oocytes were cultured alone or with intact COC for 15 h. As expected, MII oocytes had a high level of free intracellular zinc but when MII oocytes were cocultured with COC zinc levels decreased by more than 50% (Fig. 7) .
Age and maturation conditions cause changes in oocyte free intracellular zinc
The relative fluoZin-3 intensity was measured in oocytes matured in vitro with EGF (10 ng/ml) and in vivo after hormonal stimulation. In vitro maturation resulted in higher levels of free intracellular zinc in the oocyte compared with in vivo matured oocytes (Fig. 8) . There also appeared to be overall higher intracellular zinc in cumulus cells matured in vitro compared with those collected in vivo. However, it was not possible to discriminate cell boundaries in individual cumulus cells to quantitatively measure changes in fluoZin-3 signal intensity in expanded complexes ( Fig. 8B and C) . We also determined if there are age-related effects on free intracellular zinc levels during maturation. There was no age effect in free intracellular zinc in GV oocytes from freshly isolated COC (Fig. 9A) . However, in MII oocytes old mice (8-9 months) had modestly decreased levels of free intracellular zinc compared with young mice (3 weeks) (Fig. 9A, B and C) . Additionally, intracellular zinc was uniformly distributed in MII oocytes from young mice (42/42 MII oocytes), but was restricted to part of the cytoplasm with an irregular distribution in all oocytes from old mice (29/29 MII oocyte) (Fig. 9C ).
Discussion
The importance of oocyte-cumulus cell communication in the regulation of ovarian function was pioneered well over 75 years ago with the work by Pincus & Enzmann (1935) who showed that oocytes secrete an antiluteinizing factor. Since then numerous studies have found that paracrine signals regulate many more important physiological processes in the follicle. Oocytes promote metabolic activity (Sugiura et al. 2005 , Su et al. 2008 , proliferation (Vanderhyden et al. 1992 , Gilchrist et al. 2006 ) and differentiation ) of cumulus cells. In this study, we present evidence that cumulus cells regulate zinc homeostasis in the oocyte. Cumulus cells regulate the timing of the increase in free intracellular zinc in the oocyte during maturation. This effect of cumulus cells is important because an increase in oocyte zinc is required for completion of meiosis (Kim et al. 2010 and successful establishment of MII arrest (Suzuki et al. 2010b . Thus, acute regulation of free intracellular zinc is a new process regulated by cumulus cell-oocyte interactions in the follicle.
A main finding of this study is that cumulus cells suppress the level of free intracellular zinc in oocytes before ovulation. It is important to stress that the zinc reporter (fluoZin-3) detects free or loosely bound intracellular zinc and not zinc tightly bound to proteins. The affinity of zinc for fluoZin-3 is 15 nM (Gee et al. 2002a (Gee et al. , 2002b . Zinc bound to cellular proteins with higher affinity would not be detected by this compound. Nevertheless, the results from the current study add more details regarding the regulation of zinc homeostasis in the COC during the periovulatory period. First, we present evidence that free intracellular zinc content is much lower in GV oocytes than in the surrounding cumulus cells before maturation. The reason for lower free intracellular zinc in mouse oocytes is unclear but has been observed in other species including bovine and small chicken oocytes (data not shown). This suggests that an active mechanism maintains low free intracellular zinc in the oocytes of diverse species. It is well accepted that the oocyte-cumulus cell regulatory loop is essential for producing high-quality oocytes (Matzuk et al. 2002) . The oocyte produces many secreted factors that regulate cumulus cell function. Products such as GDF9, BMP15 and FGF8 regulate diverse functions in cumulus cells , Sugiura et al. 2007 ). In contrast, we know much less about the cumulus cell factors that affect oocyte physiology. In this report, we show that cumulus cells potently suppress free intracellular zinc in oocytes. Moreover, coculture with COC causes a decrease in free intracellular zinc in both denuded GV and mature MII oocytes. How cumulus cells maintain low free intracellular zinc in the oocyte is not known. Cumulus cells could stimulate zinc export, inhibit zinc import or promote the sequestration of free intracellular zinc within specific cellular compartments. It is intriguing to speculate that cumulus cells could alter the distribution of zinc from different intracellular compartments or organelles, but this remains to be tested. At least some of the increase in oocyte zinc during maturation is due to influx from extracellular sources because the total number of zinc ions increases during maturation (Kim et al. 2010) . Whether extracellular zinc also enters the GV-stage oocyte after cumulus cell removal remains to be determined.
The specific transporter(s) that regulate zinc transport within the oocyte or from the extracellular environment are unknown. There are 14 known zinc importers of the SLC39A family and nine intracellular zinc transporters of the SLC30A family in mice and humans (Kambe et al. 2004 , Lichten & Cousins 2009 ). The expression of many of these transporters was found in mouse oocytes and cumulus cells. Slc39a6, Slc39a8, Slc39a9, Slc39a10, Slc39a12, Slc30a2, Slc30a4, Slc30a5 and Slc30a8 mRNAs were higher in oocytes, while Slc39a1, Slc39a7, Slc39a13, Slc39a14, Slc30a6, Slc30a7 and Slc30a9 mRNAs were higher in cumulus cells. Our results confirm previous findings. For example, SLC39A10 protein was previously localized to oocytes and not somatic follicular cells (Malcuit et al. 2009 ). Given the vital importance of zinc for many cellular processes it is not surprising that multiple transporters are present in the oocyte. Exactly where these are localized and how each transporter is involved in modulating zinc flux into and out of the oocyte as well as between different intracellular compartments are important questions that remain to be answered. The localization of SLC39A1 in oocytes from secondary and larger follicles, but not primordial or primary follicles, suggests that the expression of zinc transport proteins may be developmentally regulated. Thus, it will be important to determine changes in other transporter proteins over the course of folliculogenesis. It will also be important to determine which transport proteins are important in cumulus cells as a potential source of zinc for the oocyte and for cumulus cell functions such as pSMAD activation and cumulus expansion (Tian & Diaz 2012) . The increase in oocyte zinc during in vitro maturation (Kim et al. 2010) suggests that either cumulus cells lose the ability to suppress zinc in the oocyte or the maturing oocyte loses the ability to respond to cumulus cells. To distinguish between these possibilities, we examined the ability of a maturation signal (EGF) to block the ability of cumulus cells to suppress levels of free intracellular zinc in the oocyte. Pretreatment of COC with EGF for just 4 h was sufficient to prevent the COC-induced decrease in free intracellular zinc in denuded oocytes. However, the mature MII oocyte remains sensitive to cumulus cells because coculture of mature MII oocytes with untreated COC causes a decrease in intracellular zinc. Thus, we conclude that cumulus cells lose the ability to suppress free intracellular zinc and that this change is essential to allow the normal increase in oocyte zinc content during maturation. Interestingly, we found that free intracellular zinc is higher in oocytes matured in vitro than in vivo. Perhaps cumulus cells become less effective at suppressing oocyte zinc concentrations in vitro, which would cause greater increase in oocyte zinc. It was also apparent that zinc content was greater in cumulus cells matured in vitro compared with in vivo. The significance of this is unclear, but we have recently shown that zinc is required to maintain activation of TGF-b signaling pathways, in particular pSMAD2, in cumulus cells (Tian & Diaz 2012) . Normally pSMAD2 signaling is abolished during maturation , Tian et al. 2010 ). Higher zinc levels in cumulus cells matured in vitro may maintain higher pSMAD2 signaling in cumulus cells. Oocytes matured in vitro are less fertile than those matured in vivo, at least for women with polycystic ovarian syndrome (Child et al. 2002 , Gremeau et al. 2012 . It could be that altered zinc homeostasis in oocytes or cumulus cells in vitro disrupts oocyte maturation and/or cumulus cell function.
Aging also has a potentially significant effect on oocyte zinc homeostasis. In in vitro-ovulated oocytes from old mice (8-9 months) have lower zinc content compared S lc 3 9 a 1 S lc 3 9 a 7 S lc 3 9 a 1 3 S lc 3 0 a 6 S lc 3 0 a 1 S lc 3 9 a 3 S lc 3 0 a 7 S lc 3 0 a 9 with those from young mice (3 weeks). Moreover, the distribution of free intracellular zinc was not uniform in the cytoplasm of oocytes from old mice compared with those from young mice. This suggests that the intracellular zinc transport network may be disrupted in oocytes of older individuals. Lower amount of free intracellular zinc in MII oocytes from older mice could explain why these oocytes are more prone to aneuploidy (Merriman et al. 2012) . Zinc increases in the oocyte during maturation and is required for completion of meiosis I (Kim et al. 2010) . If zinc does not increase sufficiently in older oocytes, there could be problems with subsequent completion of the first meiotic division and chromosome segregation. These effects would be similar to meiotic defects observed after zinc depletion in vitro (Kim et al. 2010) and in vivo (Tian & Diaz 2012 ). Another possibility is that oocytes from older mice undergo premature activation due to insufficient zinc levels to maintain MII arrest. Previous research shows that zinc is essential to maintain MII arrest (Masui & Markert 1971 , Shoji et al. 2006 . However, at fertilization zinc oscillations are required for oocyte activation . Thus, increasing free intracellular zinc in aged oocytes could potentially improve fertility by regulating zinc-mediated meiotic and oocyte activation pathways. Assisted reproduction therapies target the periovulatory period through extensive hormonal stimulation and in vitro manipulations to produce sufficient numbers of embryos for transfer to the uterus. Problems during maturation can disrupt programming of the maternal and/or embryonic genome resulting in epigenetic defects that affect development and even postnatal health (Doherty et al. 2000 , Mann et al. 2004 , Rivera et al. 2008 . Dramatic effects of zinc deficiency have been uncovered in oocytes (Kim et al. 2010 , Suzuki et al. 2010b ) and cumulus cells (Tian & Diaz 2012 ) during the periovulatory transition. Currently, the success of human IVM is highly variable (4-35% clinical pregnancy/ transfer) (Cha et al. 1991 , Trounson et al. 1994 , Child et al. 2001 , Gremeau et al. 2012 , Guzman et al. 2012 . The ability to reliably mature oocytes in vitro would reduce reliance on human chorionic gonadotropin (hCG) injections which are associated with ovarian hyperstimulation syndrome (Aboulghar & Mansour 2003) . The and representative images of (B) ovulated MII oocytes collected after eCG (48 h) and hCG (13 h) hormonal stimulation and cultured for 15 h alone or (C) ovulated MII oocytes cultured with COC (1 COC/ml) for 15 h. Oocytes were loaded with 2 mM fluoZin-3 for 1 h prior to imaging. *Significant differences by Student's t-test, P!0.05, nZ4. ScaleZ100 mm.
precise regulation of zinc homeostasis (Kim et al. 2011, this study) in the oocyte is emerging as an important parameter of oocyte quality. This knowledge could lead to improved in vitro maturation procedures in humans by modulating oocyte zinc levels to improve completion of meiosis or oocyte activation.
Materials and Methods
Animals
Female CD1 mice (Mus musculus) were produced and raised in the research colony of the investigators. Ovaries were collected from 20-day-old (young) or 8-9-month old (old) mice primed with 5 IU equine chorionic gonadotropin (eCG) (National Hormone and Peptide Program (NIDDK)) for 44-48 h. Ovulation was induced in some animals with hCG (5 IU) 48 h after eCG treatment. Animals were maintained according to the Guide for the Care and Use of Laboratory Animals (Institute for Learning and Animal Research). All animal use was reviewed and approved by the IACUC committee at The Pennsylvania State University.
Isolation of COC and oocytes
Ovaries were collected aseptically and placed in a 35-mm culture dish containing medium (bicarbonate-buffered MEM-a (Life Technologies, Inc.) with Earle's salts, 75 mg penicillin G/l, 50 mg streptomycin sulfate/l, 0.23 mM pyruvate and 3 mg BSA/ml (Cohn Analog purified; Sigma). COCs were released from the antral follicles by gentle puncture with a syringe and needle and manually washed though three dishes of media with a mouth-operated glass pipette. In some experiments oocytes were denuded by passing through a small-bore glass pipette. Ovulated COCs were collected from the oviduct of eCG/hCG-treated animals.
Zinc measurements using fluoZin-3 AM indicator dye
COCs or denuded oocytes were loaded in 20 ml medium containing the amyl ester of the fluorophore, fluoZin-3 AM (2 mM; Invitrogen, excitation 494 nm/emission 516 nm), for 1 or 2 h at 37 8C followed by washing briefly in fresh medium and mounting on glass slides with etched rings to prevent rupture of the oocytes and covered with a coverslip. Immediate imaging provided the most repeatable results, although the signal was very stable for up to 30 min under the microscope with little bleaching. The pixel intensity per unit area after background subtraction was determined in GV oocytes, MII oocytes and cumulus cells ( Fig. 1 ) with an AxioScope 2 Plus fluorescence microscope (Leica, Bannockburn, IL, USA) with attached AxioCam camera (Zeiss, Thornwood, NY, USA) and Axiovision Software (Zeiss, Thornwood, NY, USA). FluoZin-3 has been extensively characterized for measurements of free intracellular zinc in live cells using microscopy and has an affinity constant (K d ) for zinc of 15 nM (Gee et al. 2002a (Gee et al. , 2002b .
Culture of COCs and oocytes
COCs and fully grown oocytes were cultured in bicarbonatebuffered MEM-a (Life Technologies, Inc.) with Earle's salts, supplemented with 75 mg penicillin G/l, 50 mg streptomycin sulfate/l, 0.23 mM pyruvate and 3 mg BSA/ml in a Galaxy 14S incubator under an atmosphere of 5% O 2 , 5% CO 2 and 90% nitrogen for all experiments. For measurements of free intracellular zinc in GV oocytes milrinone (10 mM) was included in the medium to maintain the GV intact. For coculture experiments GV or MII oocytes (10 oocytes/20 ml) were cultured in bicarbonate-buffered MEM-a under oil.
In some experiments intact COCs were added (1 COC/ml) to the culture drops for up to 15 h. For in vitro maturation COCs were collected from eCG-primed mice (48 h) in bicarbonate-buffered MEM-a and matured in medium containing EGF (10 ng/ml) for 16 h as described previously ).
Free intracellular zinc in freshly isolated COC
To determine the relative levels of free intracellular zinc in cumulus cells and oocytes freshly isolated COCs were collected 48 h after eCG and loaded with fluoZin-3 for 1 h. Signal intensity was measured in the oocyte and an equal area of surrounding cumulus cells. A total of 15 COCs from four female mice were used for these measurements.
Free intracellular zinc in denuded oocytes
To measure the effect of cumulus cell removal on oocyte free intracellular zinc COCs were collected 48 h after eCG priming and were loaded with fluoZin-3 AM (2 mM) for 2 h. Cumulus cells were removed from the GV oocytes by passing the COC gently through a small-bore glass pipette several times. Denuded oocytes were then imaged at 0, 15, 30 and 60 min after cumulus removal by fluorescence microscopy. At each time point 21-35 oocytes were measured. The experiment was repeated three times.
Coculture of denuded oocytes with COC
For the coculture experiments denuded GV-stage oocytes were cultured for 1 h to allow an increase in free intracellular zinc. Oocytes were then cultured alone or with freshly isolated COC (collected 48 h after eCG) for 15 h in medium containing milrinone to prevent maturation of oocytes within the COC. Preliminary experiments indicated that maximum inhibition of oocyte zinc occurred by 15 h. One hour before the end of culture 2 ml of a 100-mM stock solution of fluoZin-3 were added to the culture drops and incubated for 1 h to load the cells with the zinc indicator dye and the denuded oocytes were imaged as described above. For each group, 20-30 oocytes were used and the experiment was repeated three times.
Coculture of denuded oocytes with COC pretreated with EGF
To measure the effect of pretreatment with EGF on free intracellular zinc in the oocyte, freshly denuded oocytes were transferred to medium supplemented with milrinone (10 mM) and cultured alone, with untreated COC previously cultured for 4 h (1 COC/ml) or with COC previously treated with EGF (10 ng/ml) for 4 h. After 14 h oocytes were loaded with fluoZin-3 for 1 h and imaged as described previously. For each group 20-30 oocytes were used and the experiment was repeated three times.
Coculture of mature MII oocytes with COC
To test if matured MII oocytes respond to COC coculture with a decrease in free intracellular zinc, mature MII oocytes were collected from the oviduct of superovulated (eCG/hCG) mice. Cumulus cells were removed with hyaluronidase (2 mg/ml) and gentle pipetting. MII oocytes were cultured for 15 h in media containing 10 mM milrinone, either alone or with freshly isolated COC. One hour before the end of culture fluoZin-3 (2 mM) and Hoechst (5 mg/ml) were added to the culture drops and incubated for 1 h and oocytes were imaged as described above to measure fluoZin-3. For each group, 28-29 MII oocytes were imaged and the experiment was repeated four times. Free intracellular zinc in oocytes matured in vivo and in vitro
To stimulate cumulus expansion and maturation in vitro freshly isolated COCs were cultured with EGF (10 ng/ml) for 16 h as described previously . In vivo matured complexes were collected from the oviduct of female mice stimulated with eCG (48 h) and hCG (13 h). In vivo-and in vitro-matured complexes were loaded with flouzin-3 for 1 h and imaged as described above. For each group, 8-10 MII oocytes were imaged and the experiment was repeated a total of six times.
Free intracellular zinc in GV and MII oocytes from young and old mice
To collect GV complexes young (20-days-old) and old (8-9-months-old) mice, animals were primed with eCG. Intact COCs were loaded with fluoZin-3 and the signal intensity in the oocyte was determined. For each group, 21-28 oocytes were measured and the experiment was repeated a total of four times. To measure zinc content in MII oocytes, young and old mice were superovulated (eCG/hCG) and the expanded complexes were collected from the oviduct and loaded with fluoZin-3 for 1 h and imaged as described above. For each group, 5-8 MII oocytes were measured and the experiment was repeated four to six times for a total of 42 oocytes from young mice and 29 oocytes from old mice.
Isolation of mRNA and qPCR
Total RNA was isolated from 20 GV oocytes and cumulus cells from 20 complexes using the RNAeasy micro kit (Qiagen, Valencia, CA, USA). Total RNA was reverse transcribed into cDNA as described previously (Diaz et al. 2006 ) using the Quantitect cDNA synthesis kit (Qiagen, Valencia, CA, USA). Quantification of zinc transporter mRNAs was analyzed by the 2 KDDCt method using gene-specific primers (Table 1) and Rpl19 mRNA as the normalizer as described previously (Livak & Schmittgen 2001 , Diaz et al. 2006 . Cumulus cells and oocytes were used as calibrator samples in Fig. 4A and B respectively. Zinc transporter primer sequences were validated previously (Kelleher et al. 2012) . The experiment was repeated four times with separate groups of oocytes and cumulus cells. Values shown are the meanGS.E.M.
Immunofluorescence
Sections from eCG-primed ovaries were fixed in 4% paraformaldehyde for 4-6 h and embedded in paraffin. Sections (5 mm) were placed on slides, dewaxed and blocked for 1 h, followed by incubation with anti-SLC39A1 primary antibody (1:400) (Jou et al. 2009 ) for 2 h at room temperature. Slides were washed and incubated with secondary antibody (goat anti-chicken IgG labeled with Alexa Fluor-488; Invitrogen, excitation 495 nm/emission 519 nm) for 30 min followed by washing three times with PBST and mounting with anti-fade gold with 4 0 ,6-diamidino-2-phenylindole (DAPI) (Invitrogen, Carlsbad, CA, USA) and imaged on an AxioScope 2 Plus epifluorescence microscope (Leica, Bannockburn, IL, USA) and DP20 Olympus digital color camera and DP Software (Olympus, Center Valley, PA).
Statistical analysis
Flouzin-3 signal intensity and qPCR results were analyzed by either Student's t-test or one-way ANOVA and Tukey's post-hoc test as appropriate. A P value of !0.05 was considered significant. Data were confirmed to be from a normal distribution with equal variance using the goodness-of-fit test and F-statistic in the JMP Analysis Software (SAS, Cary, NC).
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